Animal models have been the mainstay of experimental means to study chronic renal failure. An ideal experimental animal model provides a stable uremic milieu to allow experimental manipulation. The model should be technically simple to produce and have a reproducible degree of glomerular filtration rate reduction. There should also be close mimicry of human chronic renal failure without additional (unwanted) physiologic changes. This review article outlines the various choices of animal models in relation to the aforementioned criteria, with particular emphasis on their advantages and shortcomings. In principle, reduction of renal mass is undertaken in these models, after which adaptive changes take place in the remaining/remnant kidney. The glomerular changes, in proportion to the number of nephrons resected or damaged, are characterized by growth as well as hyperfunction. To date, the five-sixths nephrectomy model has remained the state-of-the-art prototype, although it must be acknowledged that no single animal model can ever duplicate the original condition of human kidney disease. It is in this context that a thorough understanding of each animal model allows the most effective modeling strategy in biomedical research. Insofar as the ideal animal model does not exist, researchers should use the biologic and biochemical diversity among the models to experimental advantage. It is expected, with good reason, that the differences can tell us as much as the similarities. Attention to selection of appropriate animal models is important to further advance the nephrology research frontier. [Hong Kong J Nephrol 2003; 5(2):57-64] 
INTRODUCTION
Our understanding of chronic renal failure and its complications have been made possible by means of experimental animal models, mostly in the rat. A wide range of experimental (dietary and pharmacologic) therapies explored in such models have also proven to be clinically efficacious. Numerous methods, albeit not well standardized, are available for inducing the model of chronic renal failure and each has been strictly defined in a given animal species. None of them can ever duplicate the original condition in a human kidney. Rather, it is the purpose of this review article to outline the characteristics of each model, with special emphasis on their individual advantages and drawbacks.
CHARACTERIZING AN ANIMAL MODEL
The term "animal model" in the sense of biomedical research refers to a simplified representation of a more complex system, with the hope that the information thus obtained can be transferred to a more complex system. The ideal experimental uremic model should constitute a reproducible research environment that is similar to human chronic renal failure, thus bridging the gap between the artificial environment of an in vitro system on the one hand and the complicated in vivo milieu of the human on the other. Preferably, the animals should be maintained in stable chronic renal failure for relatively long periods of time for experiments of longterm design. To illustrate these criteria in animal model selection, a total nephrectomy model (an anephric model) would not qualify as an ideal long-term model because the animals would survive for less than 72 hours without dialysis support. Remnant kidney models, induced in one way or another, provide an acceptable animal survival rate but with less reproducibility (in terms of the degree of uremia). Furthermore, the model should, theoretically, be free of additional pathophysiologic processes; ligation of the ureter as a means of inducing experimental uremia would be confounded by the elements of acute renal failure and immune response [1, 2] , for example.
Three main ways of inducing experimental uremia are categorized in the Figure. Among these models, reduction of the renal mass by surgery is the most common technique chosen.
SURGICAL FIVE-SIXTHS NEPHRECTOMY
Czerny performed the first human partial nephrectomy in 1887 [3] , in which the renal capsule was peeled back for the area to be resected. Two years later, the first animal partial nephrectomy was performed by Tuffier [4] , who removed one kidney and a portion of the contralateral one thereafter. No changes in the elimination of water or urea were demonstrated. In 1899, removing three-quarters of the canine renal mass was attempted by Bradford, resulting in polyuria and wasting [5] . In 1905, Heinecke carried out unilateral nephrectomy and resection of one-half of the other kidney [6] . Up to six additional resections had to be performed in order to reduce the amount of hypertrophied renal mass. Over the subsequent years, [7, 8] .
In 1932, Chanutin and Ferris first showed that removal of five-sixths of the renal mass caused rats to become uremic and to remain so for a prolonged period of time [9] . In the pioneer two-step surgical procedure, which became known as the five-sixths nephrectomy, the upper and lower poles of the left kidney were ligated and resected under ether anesthesia, leaving one-third of the renal parenchyma and renal hilum intact. In some cases, the ligated poles were left in situ. One to two weeks later, a right nephrectomy was performed. Rats made uremic in this manner were thereafter utilized as models for studying chronic renal failure. Initial surgical mortality was considerable, with a quoted success rate of six animals surviving out of the 100 undergoing fivesixths nephrectomy [10] . Platt et al further revised the procedure in 1952, in which resection of the left kidney poles (without ligation) was performed, followed by unilateral right nephrectomy 10 to 14 days later [11] . Bleeding from the cut surfaces was controlled by digital pressure at that time. With subsequent modifications to the original technique, the animal model produced by two-step nephrectomy herein described is now the standard for five-sixths nephrectomy [12] [13] [14] . Proposed revisions included intraoperative hemostasis maneuvers (wrapping the remaining remnant of the kidney in hemostatic gauze or application of thrombin solution to the cut surfaces) and postoperative physiologic saline supplementation. In addition, our group has refined the technique to further minimize blood loss. Temporary occlusion of the renal artery during the resection of the upper and lower poles of the left kidney is achieved by tying a thread around the renal pedicle. Bleeding is, thus, considerably reduced.
By and large, the same principles of surgery have been applied to other animal species, despite minor revisions [15, 16] . Simultaneous partial nephrectomy and contralateral nephrectomy can be performed under the same anesthetic for larger-sized animals. To obviate the need for a second surgery, anecdotal evidence suggests the feasibility of injecting absolute alcohol into the renal artery of dogs instead of contralateral surgical nephrectomy [17] .
The structural and functional adaptive changes, after acute reduction of the renal mass, represent the pathologic processes of the remnant kidney model, consistent with the intact nephron hypothesis [18] . After significant reduction of the renal volume or nephron number, compensatory renal hypertrophy occurs in the remaining (remnant) kidney. The notion of renal compensation had been entertained as early as 1869, when the first human nephrectomy was planned by Gustav Simon, who uninephrectomized dogs and observed a 1.5-fold increase in the size of the remaining kidney after 20 days [19, 20] . In 1929, Verney described "a very remarkable phenomenon" in his lecture -"the remaining half (after functional renal mass reduction by tying the renal artery branch of a dog kidney) suddenly and without a moment's hesitation doubled its previous rate of secretion" [21] . Previous experiments also showed that the remaining mouse kidney becomes visibly engorged immediately after uninephrectomy, whereas the rat glomeruli become distinctly hyperemic within 1 minute [22] . This adaptation is characterized by disproportionate dilatation of glomerular afferent arterioles contributing to an increase in single-nephron glomerular plasma flow (hyperperfusion) and filtration (hyperfiltration) [18, 20, 23] . Increasing excretory workload of the remaining pool of normal nephrons characterizes the progressive renal injury and disease of chronic renal failure. By virtue of micropuncture techniques, single nephron glomerular filtration rates measured within the remnant kidney increased uniformly, the magnitude of which closely correlated with the amount of renal mass being resected [18, 24] . These changes occur in conjunction with glomerular capillary hypertension and tuft enlargement. Various degrees of sclerosis (ranging from focal segmental glomerulosclerosis to global glomerulosclerosis), glomerulomegaly (increase in glomerular volume compared to sham-operated animals), mesangial expansion, and interstitial fibrosis with tubular atrophy are well documented in remnant kidney pathology after five-sixths nephrectomy in rats [25] [26] [27] . Regeneration in mammalian kidneys does not involve the development of new nephrons. De novo nephron neogenesis in response to renal injury, on the other hand, occurs in fish species including goldfish, zebrafish, catfish, trout, tilapia, skate and aglomerular toadfish. This fish nephron neogenesis model [28, 29] , which may help to identify novel genes involved in nephrogenesis and even has potential to develop alternative renal replacement therapies, is beyond the scope of this review.
One problem with the contemporary mammalian five-sixths nephrectomy model has been the variable degree of glomerular/renal injury. In general, removal of the renal mass is expected to cause a significant decrease in the glomerular filtration rate of rats, and achieve a steady level around 2 weeks after unilateral nephrectomy. The degree of uremia thus achieved, nevertheless, was reported to be highly variable. The possibility of inducing standardized and stable uremia at predetermined levels would make the five-sixths nephrectomy model more attractive. Our experience and data from others [30] invariably demonstrated the critical importance of minimizing the error margin in assessing the amount of residual renal tissue or remnant mass. Simply put, the main reason for the variable glomerular filtration rates attained has been the failure to appreciate the extent of the compensatory renal response by the remaining renal tissue. Meticulous resection of the kidney poles (under direct vision) in order to standardize the amount of remnant mass left behind is the key to model reproducibility.
Alternatively, renal mass ablation by specially designed diathermy or electrocautery probe has been employed [31] [32] [33] [34] , although at a higher cost. Compared to surgical resection, better hemostasis was achieved this way. Electrocoagulation, on the other hand, damages the residual tissue underlying the cortical burn to a certain extent. Histopathology after the ablative procedure might not, therefore, represent the progressive injury that is seen in a diminished pool of initially normal nephrons, as is the case with the intact nephron hypothesis. Reproducibility of this model is less satisfactory compared to surgical resection [35] , which is easy to understand with the reasoning outlined before. Only the area of destroyed cortex can be defined by means of electrocoagulation (despite standardization of the current intensity and length of probe contact), whereas the number of nephrons left behind is still variable. A corollary of the electrocautery method is the application of cryosurgery to reduce renal mass [36] , which might be less expensive. Again, the method itself entails the additional mechanism of (potentially undesirable) immunologic renal injury. In particular, circulating antibodies against renal extracts and immunoglobulin G deposits along the glomerular basement membrane and in the mesangium were demonstrated in animals after renal cryoablation [37] .
A cautionary note, however, on the design of the almost century-old five-sixths nephrectomy model is that the original idea was to simulate progressive kidney disease (such as that seen in chronic hypertension, diabetes or other sclerosing processes) in the absence of immunologic injury. Nevertheless, the current belief is that any chronic progressive renal failure has an immunologic/inflammatory component. This is supported by the recent body of in vivo experimental evidence regarding the efficacy of mycophenolate mofetil on the progression of five-sixths nephrectomyrelated progressive renal failure [38] [39] [40] . Recruitment of inflammatory cells is being recognized irrespective of the initial renal insult, and even in experimental models of a "non-immunologic" nature. Macrophage infiltration, for example, was demonstrated shortly after renal mass reduction in rats subjected to five-sixths nephrectomy [40] .
There is also legitimate concern that most renal diseases in humans are not characterized by a sudden decrease in the functioning renal mass, as mandated by the current surgical model. Stated another way, more gradual loss of renal mass might, intuitively, mimic more closely the natural history of progressive renal disease. Recently, a modification of the original remnant kidney model has been proposed, with respect to gradual renal ablation. Briefly, it involves an initial left heminephrectomy (removal of the upper and lower poles of the left kidney), followed by removing the remainder of the left kidney 3 weeks later, and subsequent right heminephrectomy another 3 weeks later [41] . Higher albuminuria and increased focal segmental glomerulosclerosis were demonstrated in this gradual renal ablation model, compared to the conventional five-sixths nephrectomy method. This novel remnant kidney model merits further evaluation, inasmuch as it extends the potential of the contemporary five-sixths nephrectomy model.
VASCULAR LIGATION METHOD
Selective ligation of the renal arteries provides an alternative method of inducing experimental uremia. Briefly, unilateral (right) nephrectomy is combined with ligation of most of the primary and secondary divisions of the main left renal artery. The degree of renal infarction is assessed by discoloration (for example, 75% of the kidney) and, hence, is interpreted as ischemia that progresses to infarction. Segmental infarction of the contralateral kidney is, thus, achieved [42] [43] [44] [45] . According to our experience in small-sized animals [46] [47] [48] [49] , the prolonged operative time with microsurgery and variation in the degree of uremia achieved are disadvantageous.
Our previous evaluation of surgical resection compared to vascular infarction methods, for example, showed a consistent degree of glomerular filtration rate reduction in the former, resulting in 20% to 30% of normal creatinine clearance in Wistar rats. This compared favorably with the wide-ranging creatinine clearance (0.3% to 74% of normal) from the infarction model. In particular, the standard deviation of blood urea nitrogen in the surgical resection model was substantially lower than that derived from the infarction model [46] . The feasibility of achieving a reproducible chronic renal failure model by vascular ligation, even in the case of larger animals, is also compromised by the formation of collateral vessels that bypass the ligated branches and the inconsistent ramification pattern of the renal artery [50] . In accord with our experience in rat models, the ligation technique induced a much less consistent degree of azotemia than did the surgical resection technique of five-sixths nephrectomy in canine models [16, 50] .
The following caveats should be understood in light of the uncertainty induced by vascular ligation. Renal ablation by compromising the vascular supply might induce an element of renovascular hypertension, as occurs in the classical Goldblatt model. Propensity for hypertension in such models that leave infarcted renal tissue in situ has often been a concern because the presence of systemic hypertension greatly influences the progression of the experimental model. In the presence of severe systemic hypertension, for example, glomerulosclerosis was documented in rats after limited (40%) nephrectomy only [51] . More recently, additional injury mechanisms induced by the vascular ligation method, as opposed to conventional surgical renal ablation, have been reaffirmed. Such evidence comes from the studies comparing surgical renal mass reduction with models of vascular ligation [52] [53] [54] . With an equivalent reduction in renal mass, the uremic animals in the vascular ligation model demonstrated significant proteinuria and glomerulosclerosis that were not seen in surgical mass reduction models. Glomerular capillary hypertension was also considerably higher in the case of renal infarction [53] . In addition to the mixture of systemic hypertension in the remnant kidney model, increased deposition of immunoglobulins was demonstrated in the remaining kidney, as derived from experimental infarction [55] , thus implying an additional element of immunologically mediated injury. Of note, the contributory role of immunologic factors in the vascular ligation renal infarction model was suggested [55] when the disease process was prevented by the administration of cortisone or 6-mercaptopurine.
In view of the burgeoning interest in uremic models of various animals, it is worth emphasizing that studies of vascular ligation have not always demonstrated the same degree, or even type of abnormalities, as evidenced in most studies using rats [56, 57] . The pathology of the rabbit vascular ligation model, for example, is predominantly tubulo-interstitial nephropathy as characterized by hypercalcemia, hypercalciuria and urinary stones, but minimal glomerular scarring [58] . Likewise, proteinuria is modest and arterial hypertension is inconsistent despite the presence of glomerular sclerosis in the dog model of uremia induced by vascular ligation [59] [60] [61] . Despite the proteinuria and histologic glomerular alterations, dogs might have preserved renal function for up to 4 years after renal infarction [61] . The vascular ligation model applied to cats yields all of the features seen in the rat model, including hypertension, proteinuria and glomerular sclerosis [62, 63] . Certain strains of mice demonstrate none of the characteristic pathophysiology of the rat model [57] . In a similar manner, genetic factors of susceptibility to glomerulosclerosis and disease progression operate in the rat, depending on the strain being studied [26, 64, 65] . As a general rule, Wistar, Sprague-Dawley and Lewis rats are commonly chosen for the uremic animal models, based on their propensity to develop progressive, age-related glomerular lesions. In addition, within the rat model itself, the nature and extent of compensatory renal growth depends, to a great extent, on their age at the time of renal ablation [26, 66, 67] . Hypertrophy predominates in adults, whereas less compensatory growth occurs in old rats. This highlights the potential pitfalls in extrapolating information gathered from one particular animal model to another, which could be as erroneous as directly transferring lessons from animal to human conditions.
CHEMICAL NEPHRECTOMY
Another way to induce experimental renal failure is via the administration of nephrotoxic chemical agents. Among them, parenteral use of uranyl nitrate, adriamycin or adenine ingestion has been evaluated for inducing renal damage [7, [68] [69] [70] . The disadvantage is clear. Biologic or pathologic effects of these chemical agents on the lymphoid and other organ systems would be difficult to monitor and control. Demonstration of anemia in laboratory animals, for example, gives rise to a diagnostic conundrum. Does it indicate the sequelae of uremia or the effects of the agent on hematopoiesis? Likewise, most of the immunologic models of kidney failure [71, 72] lead to nephrotic syndrome or specific glomerular disease which, in many ways, alters nutrition, amino acid and protein metabolism.
Moreover, immunologic and toxic experimental models seldom represent stable and far advanced renal failure. Animal susceptibility to nephrotoxins also varies. For example, the nephrotoxic threshold of the human kidney to aminoglycoside antibiotics is significantly lower than that of laboratory animals, and this threshold even varies among different strains (and ages) of rats [73, 74] . Given the substantial interindividual variation in the dose response curve for most of these chemical agents, their effects in individual animals are difficult to predict. The diverse actions of these agents are also recognized, as illustrated by the classic example of adriamycin, which induces proteinuria (resembling minimal change nephropathy in humans) by glomerular damage in rats after a single intravenous injection [75] , whereas serial injections lead to chronic progressive renal failure [69] .
FROM ANIMAL TO HUMAN: BENCH TO BEDSIDE
It becomes obvious from this review that the variety of animal models behave in different ways. The question therefore arises: how good are they at shedding light on our understanding of human chronic renal failure? In particular, previous therapeutic successes in rats failed to demonstrate the expected response in humans with progressive renal disease [76] .
Notwithstanding the practical advantages of using animal models for experimental purposes, there is little doubt that numerous differences exist between them and humans. Several of these differences deserve attention. First and foremost, direct comparisons of animal remnant kidney models with human kidneys with similar nephron mass losses are lacking. If any, the degree of reduction in renal mass in humans (such as with unilateral nephrectomy or transplant donation) is relatively modest compared with the ablation or fivesixths nephrectomy model in animals [56] . Second, animal experimentation typically involves a small number of rodents of a given gender and age, all of them being subjected to a uniform procedure such as standardized five-sixths nephrectomy. This represents a distinctly homogenous cohort of animals with comparable renal injury, in contradiction to clinical trials enrolling subjects with wide-ranging age, blood pressure, nephropathy etiology and rate of disease progression. End points are more tangible in rodents because they progress to end-stage renal failure over a relatively short period of time, i.e. in terms of several months as opposed to a decade or more in humans. Secondary end points such as serial renal histology are, again, never practical in the clinical scenario. A third obvious problem is the timing of intervention. The experimental animal uremic model allows timely introduction of dietary or pharmacologic intervention shortly after renal insult, a convenience not often encountered in our practical daily care of chronic kidney disease patients.
To learn the most from animal models, it is noteworthy to emphasize that there is, as yet, no experimental equivalent of human chronic renal failure disease. With these perspectives in mind, the differences can, perhaps, tell us as much as the similarities.
CONCLUSIONS
Most established animal models of chronic renal failure bear some similarities to clinical chronic renal failure, but none is fully representative and ideal (Table) . Regardless of the animal model and animal species, the criteria for an acceptable experimental uremic model are that it: (i) is appropriate as an analog of human kidney disease in the broad sense and, preferably, has a standardized degree of uremia;
(ii) provides the ease and amenability to experimental manipulation; (iii) is specific to chronic renal failure without other concomitant disease processes; and (iv) has an excellent track record with established biologic properties including morphology (renal pathology) and functional (laboratory) data.
By and large, renal mass reduction is thought to closely resemble human kidney disease in which an initial insult causes loss of a selected population of functioning nephrons, leading to functional and metabolic alterations in the remnant "intact" nephrons. While there has been little dispute about the timehonored five-sixths nephrectomy as the prototype model for renal failure, the essential question always arises as to whether or not, or to what extent, we can extrapolate the chosen model to the human kidney and disease process being studied.
To summarize, the odysseys of experimental animal models are epitomized by the remarks of Dr. Peter Kennedy [77] , "No one should expect to find a perfect animal model but ... there is still much to learn from very close corollaries." 
